3
filtering through a 0.20 µm spin filter (Ultrafree-MC LG, Millipore, Billerica, MA). α2,3-sialidase (New England BioLabs, Ipswich, MA), specific for α2,3 linked N-acetylneuraminic acid residues, was incubated with PA-N-glycans for 14 hrs at 37ºC in 50 mM sodium citrate (pH 6.0), 100 mM NaCl, and 100 µg/ml bovine serum albumin (BSA). After heating at 100ºC for 5 min, the reaction mixture was centrifuged at 2,300
x g for 10 min, followed by filtering through a 0.20 µm spin filter. Desulfation for dried samples was performed in 50 mM anhydrous methanol/HCl at 37ºC for 2 hrs. After mild methanolysis, the samples were dried under vacuum.
N-glycan analysis and separation by HPLC
Analyses of PA-N-glycans using HPLC were performed as described previously 5, 6 . To separate neutral and anionic N-glycans, PA-N-glycans were passed through an anion-exchange DEAE column (TSKgel DEAE-5PW, Tosoh, Tokyo, Japan) using HPLC. Anion-exchange column HPLC purification was performed at a flow rate of 1.0 ml/min at room temperature. The mobile phase consisted of solvent A (distilled water adjusted to pH 9.0 with aqueous ammonia) and solvent B (0.5 M ammonium acetate titrated to pH 9.0 with aqueous ammonia). The column was equilibrated with solvent A. After a sample had been injected, solvent B was 0% in the first 5 min, and then increased linearly to 60% in the next 37 min. For analysis of porcine samples, P 0 -CNS and PLP-null mouse samples, solvent B was 0% in the first 2 min, and then increased linearly to 12% for 3 min and 100% in the next 44 min. PA-sugar chains were detected at excitation and emission wavelengths of 310 nm and 380 nm, respectively (FP-2025 Plus, Jasco Corporation, Hachioji, Japan). Peaks between neutral and anionic N-glycans are derived from contaminants that are not removed during N-glycan purification 6 .
RP-HPLC for anionic PA-N-glycans was performed on a CAPCELL PAK C18 column (SG120, Cat. No. 12512; Shiseido, Tokyo, Japan) at a flow rate of 0.6 ml/min at 45ºC. Solvent C consisted of 0.6% acetic acid buffer (pH 4.0) containing 0.28% triethylamine, and solvent D consisted of solvent C containing 5% acetonitrile. The column was equilibrated with mixtures of solvent C and solvent D (initial ratio 95:5) that were increased linearly to 100% in 60 min. After that, the ratio of 100% of solvent D was kept for 1 min.
PA-sugar chains were detected at an excitation wavelength of 310 nm and an emission wavelength of 380 nm.
Neutral PA-N-glycans of varying sizes were separated by HPLC using a NP-column (Shodex Asahipak NH2P-50 4E, 4.6 x 250 mm; Showa Denko K.K., Tokyo, Japan) at a flow rate of 0.6 ml/min at and the Glucose-Unit value from RP-HPLC, as described previously 7, 8 , or by comparison with known standards and sequential exoglycosidase digestion.
Identification of the anionic N-glycans in mouse PNS myelin
The anionic fractions of the major peaks 5-9 in Fig α2,3-sialidase-resistant, but neuraminidase-sensitive. After the N-glycans from peaks 7+8 were treated with neuraminidase, the N-glycan elution profiles coincided with GP3 and desialylated GP4 profiles on RP-HPLC.
Taken together, the presumed N-glycan structure from peaks 7+8 and 9 are shown in Fig. 2F . There are two possibilities for the N-glycan structure from peak 9.
Identification of the main neutral N-glycan in mouse PNS myelin
The neutral fraction in Fig. 2A was collected using DEAE HPLC and analyzed by NP-HPLC ( Supplementary   Fig. S4A ). After the fraction of the main peak N1 was collected, the N-glycans from peak N1 were further separated by RP-HPLC ( Supplementary Fig. S4B ). The main peak N2 was identified using a known standard.
This neutral N-glycan structure is shown in Supplementary Fig. S4C .
Data quantification and analysis of PA-N-glycans
PA-N-glycans were quantified and analyzed as described previously 5, 6 . HPLC chromatogram data were analyzed using LC station software (Shimadzu) and Empower2 software (Waters, Milford, MA).
RT-PCR
Total RNA was extracted from sciatic nerves and the medulla oblongata of 12-week-old young adult mice with Sepasol-RNA I Super (Nacalai Tesque) according to the manufacturer's instructions. cDNA was synthesized from 1 µg of total RNA using ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan) with random 6-mer primers. The retrotranscription reaction was subjected to PCR amplification using the following primers and KAPA Taq EXtra (Nippon Genetics, Tokyo, Japan) in a thermal cycler. The primers used were as follows (from 5' to 3'): GlcNAc6ST-1 (Chst2: forward, CCTGAGGTGTTCTTCCTCTATGA; reverse, CGTACTAGGTGGATGACCTTGAG), GlcNAc6ST-2 (Chst4: forward, GTGTGACATGAGCGTCTTTGAT; reverse, GCAGATGATCTTCATGGCATAAT), GlcNAc6ST-3 (Chst5: forward, GAGGAGGTGTGTAAGCCTCTGT; reverse, GAAGGCATAGAGTTCACGGATTA), GlcNAc6ST-4 (Chst7: forward, TGCTGCGTGACCCAGGCCTCAA; reverse, CATATTGAATGCGAAGGCATC), and β-actin (forward, TGACAGGATGCAGAAGGAGA; reverse, GCTGGAAGGTGGACAGTGAG). Aliquots of each reaction product were separated by electrophoresis 6 through a 2% agarose gel containing ethidium bromide.
Immunofluorescence studies
Immunostaining was performed as described previously 9 . Mice were anesthetized and fixed by transcardial 
Morphological studies
Mice were anesthetized and perfused intracardially through the left ventricle with a fixative solution consisting of 4% PFA and 1.25% glutaraldehyde in 0.1 M PB, pH 7.4. Dissected sciatic nerves were transferred to a fixative containing 2.5% glutaraldehyde and 2.0% PFA in 0.1 M sodium cacodylate trihydrate buffer (cacodylate buffer), pH 7.4. After osmification in a 1% osmium tetroxide solution, the specimens were dehydrated through a graded alcohol series and embedded in Epon 812 (TAAB Laboratories, Aldermaston, UK). Semi-thin cross sections (0.7 µm) were stained with 0.5% Toluidine blue in 10 mM PBS (pH 7.4) and analyzed using the Axio Imager (Zeiss). The g-ratio was measured by dividing the diameter of an axon (without myelin) by that of the total fiber diameter (axon + myelin sheath) using ImageJ. Diameters were normalized by their perimeters.
SBF-SEM imaging and analyses
The imaging and 3D ultrastructural analyses were performed as described previously 10, 11 . Briefly, sciatic nerves of 6 wild-type and 6 GlcNAc6ST-1-KO mice were removed after transcardial perfusion using PBS and 2B-2E were analyzed by RP-HPLC. There was one main peak in each N-glycan elution profile. The N-glycan elution profiles of peaks 6'', (7+8)i', (7+8)ii' and 9'' coincided with those of the peaks 5c', 5a', 5b' and 5c', respectively. The N-glycans were identified using known standards (structures shown in Fig. 2F ). The mRNA expression levels of GlcNAc6ST-1 and β-actin in the medulla oblongata (CNS) and sciatic nerves (PNS) were analyzed by RT-PCR.
Supplementary
Supplementary Figure S6 . GlcNAc6ST-1-null mice fail to sulfate N-glycans in PNS myelin.
PA-N-glycans from PNS myelin of adult GlcNAc6ST-1-KO mice (red) were separated using a DEAE column. 
